M
embers of the genus Francisella have been identified from many different environments and can infect and cause disease in diverse hosts, ranging from amoebae to humans (1, 2) . Francisella species are nonmotile, pleomorphic, Gram-negative, strictly aerobic, facultative intracellular coccobacilli. The genus contains species capable of causing disease in humans (F. tularensis and F. philomiragia) as well as in fish (F. noatunensis) (2) . F. tularensis, the causative agent of tularemia, is further divided into four subspecies, each with a distinct infectivity and capacity to cause illness in humans. Due to its extreme virulence, low infectious dose, ease of aerosol dissemination, and capacity to cause severe illness and death, F. tularensis subsp. tularensis has been classified as a class A bioterrorism agent by the Centers for Disease Control and Prevention (3) . The closely related F. tularensis subsp. novicida has low virulence in humans but is highly infectious to mice and has been widely used as a model for F. tularensis (2) . F. noatunensis subspecies are essentially avirulent to mammals (4) but cause francisellosis in fish (5) , resulting in large losses for the fish farming industry worldwide (6) (7) (8) (9) (10) (11) . F. noatunensis consists of two subspecies, which appear to be adapted to different host temperatures: F. noatunensis subsp. orientalis causes disease in "warmwater" fish (6-9), while F. noatunensis subsp. noatunensis causes disease in fish living in colder waters (10) (11) (12) .
Most Francisella spp. are highly infectious organisms for their hosts, where 10 to 30 CFU is capable of establishing infections (13) (14) (15) , although the virulence of the strains differs. Infection with F. tularensis results in the development of tularemia, commonly characterized by the formation of localized or systemic suppurative (pus-forming) or granulomatous lesions (3) , where the route of infection contributes significantly to the clinical symptoms. F. noatunensis subsp. noatunensis infection results in the development of chronic systemic granulomatous disease in Atlantic cod (11, 12) , with cumulative mortality reaching 40% (11) . F. noatunensis subsp. orientalis also causes systemic granulomatosis (7, 9, 16) with reported mortality of 50 to 60%.
An important part of Francisella sp. pathogenesis is the ability of the bacteria to replicate in the intracellular environment of professional phagocytic cells. For F. tularensis it has been shown that after phagocytosis by macrophages, the bacteria are able to lyse the phagosomal membrane and escape to the cytosol (17) , where they replicate extensively (18) . This eventually results in release of the bacteria to the extracellular space through host cell lysis or in the formation of Francisella-containing vacuoles through interactions with the autophagic pathway (19) . It has been suggested that F. noatunensis subspecies are also able to escape from phagosomes into the cytosol (20) (21) (22) .
In the early days of tularemia research, challenge experiments with human volunteers were performed. These studies provided valuable information regarding the efficacy of antibiotic treatment and vaccines (23) (24) (25) , and some human studies are still being performed (26, 27) . Several experimental models for studying tularemia are now available (23) . The nonhuman primate model most closely resembles human tularemia with regard to strain virulence and vaccine-induced protection (23) . It is, however, not suitable as a standard model due to its high cost and public concern about the use of experimental animals. The mouse model has become popular for studying tularemia because of the wide availability of genetic tools. The use of the mouse model has its disadvantages, particularly with regard to susceptibility to different strains of F. tularensis and differences in vaccine-induced protection compared to the case for humans. While the rat model has gained some favor, especially in studying vaccine efficacy, it has reduced sensitivity to even the most virulent subspecies of F. tularensis. Thus, new infection models are warranted to fully understand Francisella infection and disease mechanisms.
F. noatunensis subsp. orientalis pathogenesis can be studied in its natural host Nile tilapia Oreochromis niloticus L., as it causes mortality in a dose-dependent manner within weeks after challenge (14) . There have been several reports of tilapia being used for studying F. noatunensis subsp. orientalis virulence factors and vaccine efficacy (14, 28) . The mortality of Atlantic cod challenged with F. noatunensis subsp. noatunensis under experimental conditions is highly variable, ranging from 75% (12) to a few percent, even many months after challenge, when gross pathology is evident in the fish (4, 29) . Due to the slow progression of the disease, the inconsistent mortality of Atlantic cod, and the lack of alternate animal models (5) , there is a need for establishment of models which allow faster development of the infection, giving more consistent results and hopefully providing insight into the Francisella sp. research in general. In addition, the above-mentioned models for studying francisellosis are not able to provide sufficient information about the initial steps of disease pathogenesis in vivo.
A large number of bacteria and viruses have been shown to cause disease in zebrafish (Danio rerio) (30, 31) . Zebrafish has a number of valuable advantages compared to other commonly used models for studying Francisella pathogenesis. The fish are low cost, are easy to maintain, and require minimal laboratory space, in addition to the increasing availability of transgenic lines and a fully sequenced genome. The use of transparent zebrafish embryos infected with fluorescently labeled pathogens allows realtime in vivo imaging of disease progression, starting from the first minutes postinfection. The small size of adult zebrafish allows longitudinal histological sections to be made through the entire fish (30) . Moreover, transgenic zebrafish lines with fluorescently labeled cells enable the study of the infected host cell repertoire. The embryological development of the zebrafish immune system also offers advantages (32) . While the innate immune system, with its effector cells dominated by macrophages and neutrophilic granulocytes, is present and active within 48 h postfertilization (hpf), the adaptive arm of the immune system is not fully developed for another 4 to 6 weeks (33). This presents an opportunity to study the function of the innate immune system in a vertebrate host without the interference of adaptive immunity. The immune system of the fully immunocompetent zebrafish is closely related to those of other vertebrates, making zebrafish a more versatile model for studying pathogenesis and host-pathogen interactions than other nonmammalian models that lack an adaptive immune system, such as Drosophila melanogaster and Caenorhabditis elegans (30, 31) .
Zebrafish have been shown to rapidly clear experimentally induced bacteremia within hours after infection with Escherichia coli K-12, Bacillus subtilis, and an avirulent strain of Salmonella enterica serovar Typhimurium (34, 35) , suggesting a requirement for bacterial virulence to efficiently establish disease. The susceptibility of zebrafish to infection with Francisella was recently reported for F. noatunensis subsp. orientalis (36) , in a study describing dose-dependent acute mortality of adult zebrafish upon intraperitoneal injections, demonstrating that Francisella can cause disease in adult zebrafish. Infected fish responded with a proinflammatory immune response characterized by increased transcription of interleukin-1␤ (IL-1␤), gamma interferon (IFN-␥), and tumor necrosis factor alpha (TNF-␣) starting at 6 h postinfection (hpi) and lasting at least 7 days. The study was done without the use of fluorescently labeled bacteria, and therefore no real-time observation of disease progression was provided. In the current study, we established and further characterized zebrafish embryo infection models for three different Francisella spp. at different temperatures.
MATERIALS AND METHODS
Strains, media, and growth conditions. The bacterial strains used in this study are given in Table S1 in the supplemental material. F. noatunensis subsp. noatunensis NCIMB14265, isolated from diseased Atlantic cod Gadus morhua L. in Norway, transformed with the green fluorescent protein (GFP)-expressing plasmid pKK289Km/gfp (F. noatunensis subsp. noatunensis-GFP) has been described previously as strain HWL108 (21) . We additionally constructed a red fluorescent strain by transformation with the mCherry-expressing plasmid pKK289Km/mCherry (F. noatunensis subsp. noatunensis-mCh). F. noatunensis subsp. orientalis LADL 07-285A, isolated from diseased tilapia Oreochromis sp. L. in Costa Rica (16) , was transformed with the mCherry-expressing plasmid pKK289Km/ mCherry (F. noatunensis subsp. orientalis-mCh). F. tularensis subsp. novicida U112 was transformed with pKK289Km/gfp (F. tularensis subsp. novicida-GFP) and pKK289Km/mCherry (F. tularensis subsp. novicidamCh). E. coli DH5␣ harboring the pmCherry vector (catalog no. 632522; Clontech Laboratories Inc., Mountain View, CA, USA) was used as a control in some experiments.
Bacteria were kept at Ϫ80°C for long-term storage either in BD Bacto Eugon broth (BD Diagnostic Systems, Sparks, MD, USA) supplemented with 20% glycerol (Sigma-Aldrich Co., St. Louis, MO, USA) or in autoclaved 10% skim milk (Merck KGaA, Darmstadt, Germany). Prior to experiments, bacteria were plated on Eugon chocolate agar (ECA) plates (37) supplemented with 15 g/ml kanamycin (Sigma-Aldrich Co., St. Louis, MO, USA) and incubated at 22°C for F. noatunensis subsp. noatunensis, 28°C for F. noatunensis subsp. orientalis, and 37°C for F. tularensis subsp. novicida. E. coli pmCherry was propagated using Luria-Bertani agar with 50 g/ml ampicillin (LAamp50). At 1 day prior to injections, the Francisella strains were inoculated into Eugon broth supplemented with 2 mM FeCl 3 (Sigma-Aldrich Co., St. Louis, MO, USA) and the appropriate concentration of kanamycin (15 g/ml for F. noatunensis subsp. orientalis and F. noatunensis subsp. noatunensis and 30 g/ml for F. tularensis subsp. novicida) and incubated overnight. E. coli pmCherry was grown overnight on LAamp50 plates and resuspended in phosphate-buffered saline (PBS) prior to injections.
Bacterial transformation with mCherry-expressing plasmid. The plasmid pKK289Km/mCherry was created by amplification of the mCherry gene from the pmCherry vector followed by ligation of the PCR product into the cloning vector pCR4 (Invitrogen by Life Technologies, Carlsbad, CA, USA), creating pCR4/mCherry. The resulting plasmid was digested with NdeI and EcoRI (New England BioLabs Inc., Ipswich, MA, USA) before the mCherry gene was ligated into the plasmid pKK289Km digested with the same enzymes, thereby placing the mCherry gene by translational fusion under control of the GroEL promoter. The plasmid was transformed into all Francisella strains by electroporation essentially as described by Bakkemo et al. (21) .
Preparation of bacteria for microinjections. All the strains used for infecting zebrafish embryos expressed a fluorophore in trans, either GFP or mCherry. Overnight cultures were harvested by centrifugation at 12,800 ϫ g for 10 min at 4°C and the pellet resuspended in PBS, pH 7.4. Optical density at 600 nm (OD 600 ) was measured with a Genesys 20 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and adjusted to the desired value. An aliquot of phenol red sodium salt (Sigma-Aldrich Co., St. Louis, MO, USA) stock solution was added to the prepared bacterial suspensions in PBS to a final concentration of 0.01% to ensure visualization of the injection mixtures. The number of CFU per injection was estimated by plating 10 l of 10-fold serial dilutions of the bacterial suspensions on ECA plates, which were incubated at the temperature optimal for each bacterial strain. (39) were kept at the Griffiths Zebrafish Lab at the University of Oslo, and embryos were produced in-house. All zebrafish adults and embryos were handled according to standard protocols (40) . Zebrafish embryos were manually dechorionated at the age of 30 h, transferred into fresh embryo water, and kept at 28°C prior to injections.
Zebrafish embryo microinjections. Injections of zebrafish embryos were performed using a Narishige Inc. EG-400 microinjector with an Eppendorf Femtojet controlling unit. Borosilicate needles (Harvard apparatus, 1-mm outer diameter by 0.78-mm inner diameter) for the injections were prepared using a micropipette-pulling device (Shutter Inc., Flaming/Brown P-97) with the following parameters: heat, 610; pull, ϭ 40; velocity, 5; and time, 5. The injection volume was adjusted by breaking the tip of an initially sealed needle at a certain point. Once the needle was opened, trial injections were made in paraffin oil, which led to the creation of droplets suspended in the oil. The diameter of the droplets was measured with a ruler incorporated into an eyepiece of the microscope, from which the injection volume was calculated. Different volumes were used for infection of the embryos at three anatomical sites (see Fig. S1 in the supplemental material): 2 to 3 nl for intravascular (duct of Cuvier), 1 to 2 nl for muscle tissue (tail muscle), and below 1 nl for the otic vesicle (ear). Wild-type strain AB or the transgenic zebrafish embryos at 48 to 52 h postfertilization (hpf) were anesthetized with approximately 170 g/ml Tricaine methanesulfonate MS-222 (Tricaine) (pH 7.4) (Finquel; Argent Laboratories Group, Inc., Redmond, WA, USA) (41) for 1 to 2 min and placed on 2% agar (BD, Franklin Lakes, NJ, USA) plates before injection. Infected embryos were transferred into petri dishes with fresh embryo water and kept at 28°C for F. noatunensis subsp. orientalis, 22°C for F. noatunensis subsp. noatunensis, and 28°C or 32°C for F. tularensis subsp. novicida. Survival experiments were performed using at least 15 embryos per group injected with Francisella spp. in PBS with an OD 600 of 2.0. PBS without bacteria was used for injections as negative controls. The survival data were processed using the Kaplan-Meier method with GraphPad Prism version 4.0 for Windows (GraphPad Software, La Jolla, CA, USA). For gene transcription studies, the group size was approximately 30 embryos to ensure a sufficient amount of genetic material.
Imaging of zebrafish embryos. Prior to imaging, zebrafish embryos were anesthetized with Tricaine as described above. Fluorescent imaging was performed with two light microscopes, the Leica DM IRB (Leica Microsystems CMS GmbH, Wetzlar, Germany) and Leica AF 6000 (Leica Microsystems AG, Heerbrugg, Switzerland). Confocal microscopy was performed with an Olympus Fluoview FV 1000 confocal microscope (Olympus Europa Holding GmbH, Hamburg, Germany). When using the Leica DM IRB inverted microscope, embryos were transferred to a glass slide with a reservoir filled with an anesthetic mixture of embryo water and Tricaine (see above) and covered with a coverslip. While using the Leica AF 6000, the embryos were transferred into a 47-mm petri dish filled with the mixture of embryo water and Tricaine. The embryos were anesthetized and embedded into low-melting-point agarose prior to confocal imaging. The micrographs were taken using Leica Application Suite (LAS) V3.8 and V4.0.0 and Olympus Fluoview version 3.1 software and further processed on the Fiji platform (42) .
Sampling and RNA extraction from infected zebrafish embryos. At each time point, 9 randomly chosen zebrafish embryos (AB, wt) from each group were euthanized by a prolonged immersion in an overdose of Tricaine solution (200 to 300 g/ml) (41) and transferred into 1.5-ml Eppendorf tubes. Three embryos were pooled into one sample to allow for a sufficient amount of starting material for RNA extraction, and the total number of samples per time point per strain was three. The embryo water was replaced by RNAlater (Ambion by Life Technologies, Carlsbad, CA, USA) immediately after transfer. The samples were kept at 4°C until extraction of RNA. For the extraction of total RNA, RNAlater was replaced with 1 ml of TRIzol (Ambion by Life Technologies, Carlsbad, CA, USA), the embryos were transferred together with the TRIzol to a 2.0-ml SafeLock Eppendorf tube (Eppendorf AG, Hamburg, Germany) containing a 0.5-mm-diameter steel bead (Qiagen GmBH, Hilden, Germany), and the tissue was homogenized at 25 Hz for 5 min with TissueLyserII (Qiagen GmBH, Hilden, Germany). After 5 min of incubation at room temperature, 200 l chloroform (Sigma-Aldrich Co., St. Louis, MO, USA) was added, and the samples were incubated for 3 min at room temperature before centrifugation at 21,500 ϫ g for 20 min at 4°C. RNA-containing supernatant was mixed with an equal volume of 70% ethanol and loaded on RNeasy Minispin columns (Qiagen GmBH, Hilden, Germany). The samples were thereafter handled according to the manufacturers' instructions, including a 15-min on-column DNase treatment using the RNasefree DNase set (Qiagen GmBH, Hilden, Germany), and eluted in 50 l diethyl pyrocarbonate (DEPC)-treated H 2 O (Invitrogen by Life Technologies, Carlsbad, CA, USA).
RNA quantity and quality were assessed as previously described (37) . Due to a too-low concentration of RNA extracted from each pool of zebrafish embryos, we could not use 1 g of RNA for reverse transcription (RT). The maximum amount of 12 l RNA per reverse transcription reaction mixture (usually corresponding to between 300 and 600 ng total RNA), was therefore used for the reverse transcription step performed with QuantiTect the reverse transcription kit (Qiagen GmBH, Hilden, Germany) using random primers. A control experiment with reverse transcriptase omitted was performed for each extraction to investigate the potential presence of contaminating genomic DNA.
Primer design and quantitative PCR. Primers (see Table S2 in the supplemental material) were chosen to target a diverse repertoire of the immune response from zebrafish. TNF-␣, IL-1␤, and IL-12a were chosen to represent proinflammatory cytokines, as they are among the main proinflammatory cytokines produced by phagocytes (43) . IL-10 (44) was chosen as an anti-inflammatory cytokine. Complement component 3b (C3b) was chosen to represent the complement system in zebrafish (45) . IFN-␥1-2 was chosen for investigation of a potential type II interferon (IFN) response in zebrafish (46) . Mx was chosen to represent genes induced by the type I IFNs in zebrafish (47) . Suppressors of cytokine signaling (SOCS) were chosen due to their importance in regulation of the balance between pro-and anti-inflammatory signals during infection (48) .
QuantiTect bioinformatically validated primers were obtained from Qiagen GmBH (Hilden, Germany) for most of the genes used in the study, while for the remaining immune genes, primers previously used in gene transcription studies of zebrafish (49) were obtained from Life Technologies Inc. (Carlsbad, CA, USA). Quantitative PCR (qPCR) was performed in triplicates using a LightCycler 480 (Roche, Basel, Switzerland) qPCR machine in 20-l reaction volumes containing LightCycler 480 SYBR green I Master Mix (Roche, Basel, Switzerland), 0.5 M each primer, and 2 l template under the following cycling conditions: 5 min of initial denaturation at 95°C; 45 cycles of amplification using 10 s at 95°C, 30 s at 60°C, and 8 s at 72°C; and then melting curve analysis to verify single amplification peaks for the immune response experiments. For quantification of bacterial growth, a Stratagene Mx3005p (Stratagene, La Jolla, CA) qPCR machine was used and the reactions run in triplicate in 20-l volumes using Express SYBR GreenER qPCR Supermix Universal (Life Technologies Inc., Carlsbad, CA, USA) containing 50 nM Rox reference dye and 300 nM appropriate primers under the following cycling conditions: 2 min of incubation with uracil-DNA glycosylase (UDG) at 50°C, 2 min of initial denaturation at 95°C, 40 cycles of amplification using 15 s at 95°C and 60 s at 60°C, and melting curve analysis.
Relative transcription levels for each gene and time point were determined as previously described (37) and normalized against the reference genes 18S rRNA (alternative designation, zgc:158463), eef1a1l1, and actb1, which have been previously reported to be stably transcribed during zebrafish embryonic development (50, 51) . The normalized immune response data for infected fish were standardized against the transcription levels in PBS-injected fish for each time point, as the basal transcription levels of immune genes in PBS-injected fish depend on the stage of embryonic development (data not shown). Statistical analysis of the resulting data sets was performed using JMP 8.0.2. (SAS Institute Inc., Cary, NC, USA). Differences between groups were deemed statistically significant at a P value of Ͻ0.05 using Student's t test assuming unequal variance with a two-tailed test for the immune response and a one-tailed test for verification of bacterial growth.
The gyrA and the fopA genes were chosen for relative quantification of F. noatunensis subsp. orientalis and F. noatunensis subsp. noatunensis, respectively, as they have previously been used for RT-qPCR studies and were proved to be stably transcribed under various conditions (37) . The fopA gene has additionally been used for diagnostic purposes (52) and was chosen for quantifying relative transcription levels for F. tularensis subsp. novicida.
RESULTS
Estimation of challenge dose. The amount of bacteria injected into the zebrafish embryos was controlled by OD 600 measurements of the bacterial cultures in phosphate-buffered saline (PBS), which were subsequently used for infection. Plating F. noatunensis suspensions with an OD 600 of 2.0 resulted in an estimated CFU count of 3.5 ϫ 10 9 CFU/ml, corresponding to a challenge dose of approximately 9 ϫ 10 3 CFU per embryo. Plating F. tularensis subsp. novicida suspensions with an OD 600 of 2.0 in PBS gave an average count of 1.25 ϫ 10 10 CFU/ml, or approximately 3.3 ϫ10
4 CFU per embryo. The maximum amount of F. tularensis subsp. novicida used for infecting zebrafish embryos was therefore 3.6-fold higher than the corresponding doses of F. noatunensis subsp. orientalis and F. noatunensis subsp. noatunensis.
Model 1, infection of zebrafish embryos with F. noatunensis subsp. orientalis at 28°C: F. noatunensis subsp. orientalis-mCh infection causes acute disease and fast mortality in zebrafish embryos. Taking into consideration that F. noatunensis subsp. orientalis-mCh has the most favorable optimal growth temperature for the fish (28°C) and that adult zebrafish have previously been shown to be susceptible to F. noatunensis subsp. orientalis infection (36) F. noatunensis subsp. orientalis-mCh was the first strain tested for zebrafish embryo infection. Zebrafish embryos (AB, wild type [wt]) at 28°C were injected with 2 to 3 nl of F. noatunensis subsp. orientalis-mCh suspension at an OD 600 of 2.0, 0.2, or 0.02 into the duct of Cuvier, a wide blood vessel that spreads over the top of the yolk sac (see Fig. S1 in the supplemental material). The bacteria were able to establish infection and kill all the infected embryos within 5 days postinfection (dpi) with a challenge dose at an OD 600 of 2.0 or 0.2, while an OD 600 of 0.02 resulted in only around 20% mortality (Fig. 1A) . The ability of the bacteria to replicate inside the embryos was next evaluated by RT-qPCR (Fig. 1B) . Bacterial RNA was detected in the infected embryos at all investigated time points, and the amount of F. noatunensis subsp. orientalis-mCh increased by 8-fold by 24 h postinfection (hpi) and by 23-fold by 48 hpi. This verified strong F. noatunensis subsp. orientalis-mCh growth in the infected embryos, with an estimated doubling time of 9 h.
(i) Imaging of F. noatunensis subsp. orientalis-mCh-infected zebrafish embryos reveals formation of granuloma-like structures. The first clinical sign of infection was decreased fish motility, usually on day 1 to 2 postinfection. Within hours after infection, we observed accumulation of fluorescently labeled bacteria by fluorescence microscopy. More detailed observation revealed fluorescent bacterial aggregates that enlarged over the course of the infection and were often visible in the infected embryos at late stages of the disease as what we operationally define as granulomalike structures (GLS) (Fig. 1C) . The GLS-containing red fluorescent bacteria formed rapidly and expanded.
(ii) Zebrafish embryo immune response to F. noatunensis subsp. orientalis-mCh infection. To investigate the immune response of zebrafish embryos to F. noatunensis subsp. orientalismCh infection, we used RT-qPCR to monitor the transcription of mRNA for selected immune-related genes. Single amplification peaks were obtained from all primer sets, and the absence of contaminating genomic DNA was verified using controls without reverse transcriptase. As summarized in Fig. 1D and shown in Fig. S2 in the supplemental material, the immune response was dominated by increased transcription of il1b and tnfa. Several pathogens, including Francisella, utilize the suppressors of cytokine signaling (SOCS) pathways to inhibit the host's ability to clear an infection (53) . The effect of zebrafish infection with Francisella on the transcription of socs1, socs3a, and socs3b was therefore investigated. Both socs3a and socs3b showed a strong increase in transcription at all time points tested starting from the earliest one (6 hpi), when it was statistically significant only for socs3b, while transcription of socs1 remained unaffected. A similar response was previously reported for F. tularensis infection in murine macrophages (53) . There was less effect on other selected gene products, although complement component 3 showed a significant increase at 48 hpi. There was no difference in transcription of ifng1-2 whatsoever. At 48 hpi there was a slight increase in nos2a, but the effect was small and variable between replicates.
(iii) F. noatunensis subsp. orientalis-mCh colocalization with zebrafish embryo phagocytes. In the early embryo the two prominent phagocytic cells, macrophages and neutrophils, can potentially play a role in bacterial uptake and GLS formation (54) . To investigate which cells types were involved in these processes we took advantage of the two transgenic zebrafish lines with either macrophages [Tg(mpeg1:EGFP)gl22] (38) or neutrophils [Tg(mpx:EGFP)i114] expressing EGFP (39) . F. noatunensis subsp. orientalis-mCh was injected into the duct of Cuvier of transgenic zebrafish embryos with fluorescently labeled macrophages. The transgenic zebrafish embryos were less robust than the wild type, with full mortality often observed 1 day earlier (data not shown). This might be related to the different genetic background of the zebrafish lines; however, it is unlikely to influence the early colocalization of F. noatunensis subsp. orientalis-mCh with immune cells to any significant extent. It was possible to detect single red fluorescent bacteria in the blood flow, followed by phagocytosis by macrophages within minutes after infection (see Video S1 in the supplemental material). Several hours later the majority of the bacteria were phagocytized by macrophages ( Fig. 2A, panels 1.1  and 1.2) . Further imaging of F. noatunensis subsp. orientalis-mCh interaction with macrophages was complicated, as the fluorescent signal from the Tg(mpeg1:EGFP)gl22 cells was lost at later time points. Transcription controlled by the mpeg1 promoter has previously been shown to decrease in zebrafish when infected with S. Typhimurium (55) . This could explain the lack of EGFP-expressing macrophages at 4 dpi in zebrafish infected with F. noatunensis subsp. orientalis-mCh despite the presence of bacterial aggregates in the tissue, presumably representing intracellular F. noatunensis subsp. orientalis-mCh in macrophages. In contrast to the data obtained for macrophages, when the zebrafish strain with EGFPexpressing neutrophils was injected intravascularly (duct of Cuvier) with F. noatunensis subsp. orientalis-mCh, the amount of bacteria colocalizing with neutrophils was much lower (Fig. 2A , panels 2.1 and 2.2). High-resolution confocal microscopy revealed that even though neutrophils were able to take up F. noatunensis subsp. orientalis-mCh, they were less efficient than macrophages ( Fig. 2A, panels 2.1 and 2.2, insets) . Nevertheless, these observations showed that both lineages of zebrafish phagocytes were able to take up the bacteria.
It has been shown that zebrafish embryonic neutrophils prefer a solid surface for efficient phagocytosis of E. coli (54) , and we could substantiate this finding using fluorescent E. coli. Tg(mpx: EGFP)i114 zebrafish embryos were then injected with F. noatunensis subsp. orientalis-mCh into the tail muscle at 3 days postfertilization (dpf) to investigate whether Francisella spp. can be phagocytized by neutrophils more efficiently than after intravenous injection. Tail muscle infection was followed by several hours of in vivo high-resolution confocal microscopy imaging. We observed a strong attraction of neutrophils to the injection site, consistent with an inflammatory response (Fig. 2B) , and indeed the activated neutrophils had a higher bacterial burden than was the case when the fish were infected via the circulatory system (Fig.  2B) . The ability of F. noatunensis subsp. orientalis-mCh to attract neutrophils was even more evident when F. noatunensis subsp. orientalis-mCh was injected into the otic vesicle (ear), which prior to the infection was devoid of neutrophils (Fig. 2C) . A strong neutrophil attraction to the vicinity of the otic vesicle was observed at 3 hpi (Fig. 2C) .
In summary, F. noatunensis subsp. orientalis-mCh was capable of entering both lineages of zebrafish phagocytes. The macrophages were clearly the main phagocytes for taking up the bacteria. Nevertheless neutrophils were also rapidly attracted to the bacteria but were able to phagocytize them efficiently only when F. noatunensis subsp. orientalis-mCh were present on a surface (muscle tissue).
Model 2, infection of zebrafish with F. noatunensis subsp. noatunensis at 22°C: F. noatunensis subsp. noatunensis infection of zebrafish embryos causes chronic disease. F. noatunensis subsp. noatunensis has an optimal growth temperature of 20 to 22°C. Therefore, the infected embryos were kept at 22°C after infection and at 28°C prior to it. In striking contrast to infections with F. noatunensis subsp. orientalis-mCh, the F. noatunensis subsp. noatunensis-infected zebrafish embryos showed no significant mortality regardless of the bacterial load used for infection (OD 600 of 0.2 or 2.0) (Fig. 3A) . F. noatunensis subsp. noatunensis-GFP was detected in infected embryos by RT-qPCR at 6 hpi (Fig.  3B) , and although no significant bacterial growth was observed by 24 hpi, there was an approximately 13-fold increase in the amount of bacteria in the fish by 7 dpi, yielding an estimated doubling time of 43 h. The lower growth rate in vivo of F. noatunensis subsp. noatunensis compared to F. noatunensis subsp. orientalis likely reflects the lower in vitro growth rate of this strain. This absence of mortality is similar to the situation in the natural host, the Atlantic cod, when experimentally challenged with F. noatunensis subsp. noatunensis. In this host, even when injecting high doses of bacteria, there is often a lack of mortality although formation of granulomas is visible by the naked eye (5, 29, 56) .
(i) Imaging of GLS development in F. noatunensis subsp. noatunensis-GFP-infected zebrafish embryos. It was possible to detect GLS formation within 3 days postinfection of embryos with F. noatunensis subsp. noatunensis-GFP via the intravenous route. The GLS were distributed throughout the fish (Fig. 3C) . The size, number, and fluorescent intensity of GLS increased with time, indicating growth of the bacteria in infected embryos. The development of the GLS (Fig. 3C ) resembled that seen with F. noatunensis subsp. orientalis-mCh infection; however, consistent with the lower temperature used for F. noatunensis subsp. noatunensis, the formation of GLS was observed 1 to 2 days later than in the case with F. noatunensis subsp. orientalis-mCh infection.
When embryos were kept at their optimal growth temperature of 28°C, it was not possible to detect significant amounts of F. noatunensis subsp. noatunensis-GFP by fluorescent imaging after intravascular injections, suggesting that this temperature is not compatible with bacterial proliferation. This is in agreement with the in vitro growth characteristics of F. noatunensis subsp. noatunensis (57) .
(ii) Immune response of zebrafish embryos infected with F. noatunensis subsp. noatunensis-GFP. The immune response of zebrafish embryos to F. noatunensis subsp. noatunensis-GFP infection was dominated by the same pattern as the immune response to F. noatunensis subsp. orientalis-mCh, although it was somewhat delayed and reduced ( Fig. 3D; see Fig. S3 in the supplemental material). The transcription levels of tnfa increased by 15-fold, those of il10 increased by 4-fold, those of complement factor increased by 3-to 6-fold, those of ifng1-2 increased by 5.1-fold, and those of il1b reached a 30-fold increase on 7 dpi and were slightly elevated at 24 hpi (approximately a 2-fold increase). With regard to the socs genes, no change was detected for socs1; however, statistically significant differences were detected for socs3a at 24 hpi and socs3b at 7 dpi (2.1-and 0.85-fold increases, respectively). The slight elevation of socs3 was markedly reduced compared to the increase observed in zebrafish embryos infected with F. noatunensis subsp. orientalis-mCh, probably reflecting a lower bacterial burden and/or a temperature dependency in the host response.
(iii) Interaction of F. noatunensis subsp. noatunensis-mCh with zebrafish embryo immune cells. To allow for colocalization studies of F. noatunensis subsp. noatunensis with transgenic zebrafish strains expressing EGFP-labeled immune cells, wild-type F. noatunensis subsp. noatunensis was transformed with the pKK289Km plasmid containing the mCherry gene in exchange for gfp. The zebrafish embryos infected with F. noatunensis subsp. noatunensis-mCh showed the same survival curves as the wildtype fish (data not shown). Colocalization of a majority of the bacteria and macrophages was observed as early as 3 hpi (Fig. 4A) and lasted for at least another 5 days. Clusters of bacteria not colocalized with EGFP-expressing macrophages were also visible at 4 dpi (data not shown). This observation suggests that these bacteria were able to kill the macrophages and reside free in the tissue or, more likely, represent intracellular bacteria in macrophages which have lost their fluorescence as a result of downregulation of EGFP expression at later time points of infection, as discussed above. Similar to the case for F. noatunensis subsp. orientalis-mCh infection, the amount of bacteria colocalizing with neutrophils was much less than that for macrophages (Fig. 4A) , although small amounts of F. noatunensis subsp. noatunensismCh could be detected inside neutrophils after intravascular injections when observed by confocal microscopy (Fig. 4A , panels 2.1 and 2.2, insets). Therefore, macrophages are the main cells responsible for phagocytosis of intravascularly injected F. noatunensis subsp. noatunensis-mCh as well. Infection of Tg(mpx:EG-FP)i114 zebrafish embryos with F. noatunensis subsp. noatunensismCh was also performed by injections into the tail muscle (Fig.  4B ) and otic vesicle (Fig. 4C) . Imaging of the fish at 3 hpi revealed that neutrophils were strongly attracted to the sites of injections. Confocal microscopy identified small numbers of intracellular bacteria in neutrophils when F. noatunensis subsp. noatunensismCh was injected into tissue, verifying that F. noatunensis subsp. noatunensis also is able to infect this phagocytic cell (Fig. 4B, panels 1.1. and 1.2, insets) .
Model 3, infection of zebrafish embryos with F. tularensis subsp. novicida at 32°C: F. tularensis subsp. novicida causes 60% mortality in zebrafish embryos. When injected into the duct of Cuvier, F. tularensis subsp. novicida-GFP was capable of causing mortality of embryos kept at both the optimal temperature for the embryos (28°C) and an elevated temperature more adapted to bacterial growth (32°C). F. tularensis subsp. novicida-GFP infection developed at a lower rate than F. noatunensis subsp. orientalismCh infection. Cumulative mortality after 6 days for the embryos infected with F. tularensis subsp. novicida-GFP at an OD 600 of 2.0 reached 60% and 50% at 28°C and 32°C, respectively (Fig. 5A) . The onset of mortality occurred earlier at 32°C even though the cumulative mortality was almost equal at 32°C and 28°C. Zebrafish embryos tolerated the elevated temperature well, showing no abnormalities in behavior or development. Taking these data into consideration, the remaining experiments were carried out at 32°C to approach the normal growth conditions of F. tularensis subsp. novicida. F. tularensis subsp. novicida grows faster than the Francisella fish pathogens in vitro, which was also reflected in the bacterial growth rate in infected fish at 32°C as determined by RT-qPCR. F. tularensis subsp. novicida-GFP increased by 16-fold from 6 hpi to 24 hpi and by more than 55-fold by 48 hpi (Fig. 5B) , yielding an estimated doubling time of 7 h.
(i) Imaging of zebrafish embryos infected with F. tularensis subsp. novicida-GFP. A peculiarity of F. tularensis subsp. novicida-GFP infection led to moderate GLS formation compared to that with F. noatunensis infections. A common observation was several small bacterial aggregations rather than the larger aggregates seen with the two other strains of Francisella used in this study (Fig. 5C ). Even though zebrafish embryos heavily loaded with granulomas were observed in the infected groups, those were not numerous (data not shown). The factors responsible for the observed differences in disease development remain to be investigated even though this can arguably be explained by the fact that the infection studies were performed at a temperature 5°C lower than optimal for growth of F. tularensis subsp. novicida.
(ii) Immune response of zebrafish embryos infected with F. tularensis subsp. novicida-GFP. The zebrafish embryo host immune response to F. tularensis subsp. novicida-GFP infection, as evaluated by RT-qPCR, revealed increased transcription of key immune molecules, dominated by il1b and tnfa, starting as early as 6 hpi ( Fig. 5D ; see Fig. S4 in the supplemental material). Other immune-related genes showed less response, though c3b, mxa, and il12a also showed statistically significantly increased transcription. Additionally, nos2a was increased at 48 hpi, although only by a factor of 2.5. Interestingly, the socs3 genes exhibited a fast and strong response, especially socs3b (189-fold increase at 6 hpi and 94-fold increase at 24 hpi). The socs3a gene responded slower, with a 4-fold increase (not statistically significant) at 6 hpi and a 96-fold increase at 24 hpi. No transcriptional differences were observed for socs1, except for a slight elevation (0.75-fold) at 48 hpi.
(iii) Interaction of F. tularensis subsp. novicida with host immune cells. Infection of the previously mentioned transgenic zebrafish embryos with F. tularensis subsp. novicida-mCh resulted in an outcome similar to those for F. noatunensis subsp. orientalismCh and F. noatunensis subsp. noatunensis-mCh. Intravascularly injected F. tularensis subsp. novicida-mCh preferably entered macrophages (Fig. 6A ). Neutrophils were strongly attracted to the sites of bacterial location (Fig. 6B and C) , though they were even less efficient in phagocytizing F. tularensis subsp. novicida-mCh ( Fig. 6A ; see Video S2 in the supplemental material) than in the case of F. noatunensis subsp. orientalis-mCh and F. noatunensis subsp. noatunensis-mCh when the bacteria were injected into circulation. F. tularensis subsp. novicida-mCh was taken up by neutrophils in the tail muscle infection ( Fig. 6B ; see Video S3 in the supplemental material), as seen for the two F. noatunensis subspecies. Interestingly, F. tularensis subsp. novicida-mCh was detected in neutrophils also at later stages of the infection (4 dpi), when GLS are formed (see Video S4 in the supplemental material), though the majority of the bacteria remained colocalized with macrophages (Fig. 6B, panels 1.1 and 1.2, insets) . This suggests that F. tularensis subsp. novicida-mCh is able to survive in neutrophils after phagocytosis.
DISCUSSION
Due to the highly transparent embryonic stage, the zebrafish is increasingly used as a robust model system for the analysis of various bacterial infections (31, 54, 58) . Our present study increases the value of this model by showing that zebrafish embryos can be adapted to significantly different temperatures to monitor infections with three different strains of Francisella. Two of these strains are important pathogens of aquaculture fish. F. noatunensis subsp. noatunensis is a pathogen of "cold-water" fish such as Atlantic cod and Atlantic salmon, and it could infect but not kill the embryos at 22°C. F. noatunensis subsp. orientalis, which infects "warm-water" commercial fish such as tilapia and has the same optimal growth temperature as zebrafish (28°C), caused rapidly developing disease and lethality in zebrafish embryos. For the third strain, F. tularensis subsp. novicida, a mouse pathogen that is widely used as a model for the human pathogen F. tularensis subsp. tularensis, the embryos were kept at 32°C in a compromise between optimal growth conditions for the bacteria and maintaining good health of the zebrafish embryos. Such a compromise could be the reason for a relatively mild infection with intermediate mortality, in spite of strong bacterial growth.
Although the preferred growth temperature of the zebrafish is 28°C, the embryos adapted well to both increased and decreased temperatures, in agreement with earlier studies focusing on viral infections of embryos at 24°C and for short periods of time at 15°C (49, 59) . No abnormalities were evident in the appearance, behavior, or mortality profiles of noninfected embryos at the different temperatures. At all temperatures tested, the three bacterial strains could successfully infect the fish regardless the route of infection (circulatory system, tail muscle, or otic vesicle). The qPCR analysis showed that all three bacterial strains were able to multiply in zebrafish embryos infected via the intravascular route. The generation intervals for the different Francisella strains reflected their in vitro growth characteristics. The fastest-growing F. tularensis subsp. novicida has a generation interval of about 5 h in broth (60) , which is only slightly less than the estimated 7 h observed in vivo in this study. The shorter doubling time in zebrafish of F. noatunensis subsp. orientalis (9 h) than of F. noatunensis subsp. noatunensis (43 h ) is in agreement with the in vitro growth rates of these strains (37) also estimated by CFU counts (unpublished data).
The responses of the embryos to the different Francisella species were similar, based on a number of criteria. First, there was significant replication of all three bacterial strains as determined by RT-qPCR, despite a pronounced response by the fish immune system. Second, mCherry-labeled bacteria of all three species interacted similarly with zebrafish immune cells. These data were revealed by taking advantage of the availability and ease of imaging of different marker cell types in transgenic zebrafish lines. The EGFP-fluorescing macrophage transgenic fish line Tg(mpeg1: EGFP)gl22 has been previously used in other studies for determining the association of pathogens with these cells (see, e.g., reference 61). Here, the use of this transgenic fish (38) clearly demonstrated that the macrophage is the main Francisella-phagocytizing cell type, which is in agreement with earlier studies with mouse and human macrophages (62, 63) . Imaging of the formed GLS showed that macrophages were the major site of Francisella residence, and even though the bacteria persisted in neutrophils, the amount was still limited at 4 dpi. Since the half-life of zebrafish neutrophils is 120 h (64), we observed the same cells over a few days. Therefore, it can be argued that Francisella does not multiply in neutrophils and that the main site of replication is probably within macrophages.
Using the EGFP-expressing neutrophil line Tg(mpx:EGFP)i114 (39) allowed observation of strong neutrophil attraction to the sites of bacterial location, though in comparison to macrophages, these cells were less efficient at phagocytosis of Francisella spp., particularly from the circulatory system. Previously, Colucci-Guyon et al. (54) reported that zebrafish neutrophils required a surface for efficient phagocytosis of nonpathogenic E. coli. We also observed efficient neutrophil uptake of E. coli pmCherry injected into tissue, and we extended the observation by showing that this striking behavior is also valid for pathogenic Francisella strains ( Fig. 2A and B, 4A and B, and 6A and B). In the case of intravenous infections, neutrophils showed only modest phagocytic activity toward F. noatunensis subsp. orientalis and F. noatunensis subsp. noatunensis and were not found to colocalize at all with F. tularensis subsp. novicida Even though neutrophils appeared to be more successful in taking up Francisella subsp. from the tail muscle substrate, they were still less efficient in overall phagocytosis than macrophages. Our findings are consistent with existing reports of bacterial interaction with immune cells in their natural hosts. For example, previous studies of F. noatunensis subsp. noatunensis in Atlantic cod showed bacteria in the close proximity of neutrophils but never or rarely inside them (22, 56) . F. tularensis subsp. novicida has been demonstrated to be efficiently taken up by neutrophils in a mouse pulmonary infection model (63) , similar to the results for F. tularensis subsp. novicida injected into muscle tissue observed in this study. Regardless of the potential efficiency of phagocytosis, the results show that all three strains of Francisella investigated in this study were taken up by both lineages of zebrafish phagocytes. The efficiency of zebrafish neutrophils in phagocytizing bacteria in blood is likely to be dependent on the specific bacterial species, as intravascularly injected Pseudomonas aeruginosa is efficiently taken up and killed by zebrafish neutrophils (65) .
The third criterion that was similar for the three bacterial infections was the fact that the infected macrophages could assemble into what we operationally define as granuloma-like structures (GLS). Differences were noted in the strength of the granulomatous response, with the largest GLS seen with F. noatunensis subsp. orientalis at 28°C and the least developed ones seen with F. tularensis subsp. novicida at 32°C. We hypothesize that the studied Francisella species have different potentials for causing GLS formation in zebrafish, which might also be influenced by the differences in temperature. The fourth criterion of similarity came from the analysis of the innate immune response of the embryos to the three bacterial strains, as similar patterns of gene transcription were seen. Increased mRNAs levels for il1b, tnfa, and socs3b in all three strains were observed, with less but still significantly increased transcription of c3b, il10, il12a, and ifng1-2 for some strains. The fifth criterion indicative of a successful infection by two of the three pathogens was their ability to kill all of F. noatunensis subsp. orientalis-infected, and a significant fraction of F. tularensis subsp. novicida-infected, embryos. An exception was seen with F. noatunensis subsp. noatunensis, which failed to kill any embryos in the time frame of the experiment at 22°C. This bacterium induced a chronic rather than a lethal infection. Inter-estingly, F. noatunensis subsp. noatunensis causes similar chronic infections in its natural host, the Atlantic cod (4, 29, 55) , highlighting the strong potential of the zebrafish model. Another significant difference in the immune response of F. noatunensis subsp. noatunensis that was not seen with the other two bacteria was an induction of the anti-inflammatory cytokine IL-10; this might contribute to the absence of lethality with F. noatunensis subsp. noatunensis, as well as the lower growth rate of F. noatunensis subsp. noatunensis compared to the two other strains in infected fish. A lack of IL-10 production in systemic infections can result in higher levels of proinflammatory cytokines, more tissue damage, and earlier death, while excessive production of IL-10 can cause decreased ability to clear pathogens, resulting in chronic or lethal infections (66) .
An earlier study by Vojtech et al. (36) showed that adult zebrafish at 28°C could be infected with a strain of F. noatunensis subsp. orientalis that induced impressive early GLS formation, as seen by histological examination. While the adult fish has both the innate and adaptive immune systems operating, the embryos have only innate immunity. Thus, it is notable that two of the immune gene products that were strongly upregulated in the analysis of adult fish, namely, il1b and tnfa, were also prominently elevated in our infected zebrafish embryos. One clear difference was that whereas the transcription of ifng1-2 was increased in adult fish, we saw no significant elevation in the embryos in response to infection with F. noatunensis subsp. orientalis (although it was upregulated with F. noatunensis subsp. noatunensis and F. tularensis subsp. novicida). The increased transcription of il1b, il10, and ifng1-2 at 7 dpi for F. noatunensis subsp. noatunensis also resembles the gene transcription results seen in Atlantic cod (29) and primary macrophages isolated from Atlantic cod (21) . This argues that immune responses initiated upon recognition of Francisella spp. are conserved between different fish species and Francisella strains. Obviously, the additional activity of the adaptive immune system is crucial for full defense against Francisella, as Vojtech and colleagues found that 10 6 CFU of F. noatunensis subsp. orientalis was needed to kill 100% of adult fish (36) , whereas only 9 ϫ 10 2 CFU led to the same result for zebrafish embryos.
The question of how Francisella spp. are able to persist in infected macrophages, despite their potential to kill and degrade phagocytized pathogens, is crucial for understanding the pathogenesis of Francisella infections. It has previously been shown for Francisella that TNF-␣ and IFN-␥ are responsible for inducing inhibition of bacterial growth and activation of bacterial killing by macrophages and that this effect is directly related to increased production of nitric oxide (NO) (67) . NO is generated in macrophages by the inducible NO synthase (iNOS), the transcription of which is induced through the JAK-STAT signaling pathway by IFN-␥ and through NF-B activation by TNF-␣ and IFN-␥ (68). In spite of our observations of increased transcription of these genes, neither we nor Vojtech et al. (36) could observe strong increases in other expected downstream effector systems, such as iNOS. This bacterium-induced inhibition is thought to be mediated by active inhibition by a bacterial heat-stable factor that has been shown to work in mammals by inhibiting STAT-dependent signaling by increased transcription of socs3 (53) . The SOCS proteins have been identified in many fish species (69), including zebrafish, and increased transcription of socs3 was observed in response to infection of zebrafish embryos with all three Francisella strains. This argues that the active suppression of the host immune response in infection by Francisella spp. is an ancient mechanism that is conserved between different Francisella species and between mammals and fish. Mycobacterium marinum and S. Typhimurium have previously been reported to induce socs3 in zebrafish (55, 70) , opening up the possibility that this is a common pathway used by facultative intracellular bacteria to inhibit activation of zebrafish macrophages.
In conclusion, we have expanded the strength of zebrafish embryos as a powerful and robust model for studying bacterial pathogenesis, adding three Francisella subspecies to the list of microorganisms to which the embryos are susceptible. This opens up new possibilities for studying Francisella pathogenesis due to the capability for in vivo imaging of early events that happen right after infection. Zebrafish embryos appeared to be a reliable model at three different temperatures without apparent adverse effects on their health. We clearly showed the major role of macrophages in the phagocytosis of invading Francisella cells. Neutrophils were capable of quickly responding to the infection by migrating to the bacterial locations, though they had a variable degree of success in phagocytizing bacteria, depending on the route of infection. Our data also demonstrate that the host response to Francisella infections is similar for different species. Conclusively, the data obtained in this study lay a solid background for further investigation of the infections caused by different Francisella species.
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